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ABSTRACT 
Till of the Alden Member deposited by the Des Moines Lobe is the 
predominant surficial material in central Iowa. Fractures occur in the matrix of the 
till. They may cause the till to be anisotropic and increase the groundwater velocity 
by several orders of magnitude. An understanding the genesis and distribution of 
fractures in till will help to predict the direction and magnitude of groundwater flow. 
An analysis of a fractured medium is typically done by measuring orientation, 
frequency, length, and surface characteristics of fractures; however, that is often 
hampered by the lack of exposure. This study presents a detailed analysis of fractures 
at a single till exposure and azimuthal resistivity measurements at four sites within the 
Des Moines Lobe in central Iowa. The results from both are used to develop a 
model for fracture genesis in till of the Des Moines Lobe and to determine if 
azimuthal resistivity can be used independently to determine fracture orientation. 
Fractures examined in this study show a systematic orientation. They were caused 
by the combination of four processes: subglacial shearing, stress release due to 
deglaciation, lateral unloading, and weathering. Near-horizontal fractures and near- 
vertical fractures with strikes 60° -90° from the ice-flow direction may have developed 
by subglacial shearing in the Des Moines Lobe. Fracture sets with dip near 60° were 
formed by compaction of till under a stagnant ice mass. Conjugate fractures with dip 
near 30° were generated by passive earth pressure after the Des Moines Lobe had 
retreated. Near-vertical fractures aligned about 30°-40° from the ice-flow direction 
vu 
were probably caused by recent lateral unloading of the exposure or subglacial 
shearing under a compressive flow regime. Fractures in the oxidized till of the Des 
Moines Lobe were modified by weathering processes. 
Azimuthal resistivity measurements in the till plotted to normal scale did not 
conclusively show the major fracture orientations. However, by exaggerating the 
resistivity value of the till, most of the resistivity peaks are similar in orientation to 
fractures that dip greater than 50° and strike at orientations nearly parallel to, 
perpendicular to, or 30° -60° from the ice-flow direction. This relationship suggests 
that azimuthal resistivity can be used to determine the orientation of high angle 
fractures in till of the Des Moines Lobe where surface exposures are lacking and to 
infer the direction of maximum connectivity of those fractures. 
1 
INTRODUCTION 
Fractures are an important factor in controlling groundwater flow in fine-grained 
sediments (Connell, 1984; Hendry, 1988). We must understand the distribution and 
genesis of fractures in these sediments to assess potential groundwater contamination 
and for planning effective groundwater monitoring systems. 
Consolidation, unloading during deglaciation, subglacial shearing, and stress 
associated with glacier flow have been proposed to explain the formation of fractures 
in till (Boulton, 1970; McGown et al., 1974; Johnson, 1983; Connell, 1984; Feeser, 
1988). Secondary processes, such as chemical alteration, desiccation, syneresis, 
freeze/thaw, and lateral unloading, also may play an important role in the formation 
of fractures ( Figure 1) (Boulton and Paul, 1976; Mitchell, 1976; Connell, 1984). 
Fractures are typically studied by measuring orientation, frequency, length, and 
surface characteristics of fractures. Unfortunately, these measurements are often 
hampered by lack of exposure. In addition, these measurements do not provide 
information about groundwater flow in the fractures. Connectivity of fracture sets will 
not be equal in all directions, but will be significantly greater along certain azimuth 
(LaPointe and Hudson, 1985) suggesting that groundwater flow may also be greater in 
this direction. As an alternative to conventional methods, the azimuthal resistivity 
method is a rapid and economic way to determine the direction of maximum current 
flux and inferred permeability in areas lacking good exposures (Taylor and Fleming, 
1988). 
2 
This paper presents a detailed analysis of fractures at a single till exposure and 
azimuthal resistivity measurements at four sites in central Iowa (Figure 2). The 
results from both are used to develop a conceptual model for fracture genesis and to 
determine if azimuthal resistivity can be used independently to determine fracture 
orientation. 
Geology of the Study Sites 
Four study sites were selected that represent till in central Iowa (Figure 2): 1) 
Iowa State University Agronomy and Agricultural Engineering Research Center (ISU- 
5), located west of Ames in Boone County, Iowa (SE 1/4, NE 1/4, Sec. 8, T.83 N., R. 
25W., Boone East 7.5 minute U.S.G.S. topographic quadrangle), 2) Whatoffs borrow 
pit, located near the intersection of U.S. Highway 30 and Interstate Highway 35 (NE 
1/4, SW 1/4, Sec. 7, T.83 N., R.23 W.), 3) Department of Agronomy, Curtiss Farm, 
located southwest of Ames (SW 1/4, NW 1/4, Sec. 19, T.83 N., R.24 W.), and 4) 
Alden Quarry, located on the south side of U.S. Highway 20 in the NE 1/4, NW 1/4. 
Sec. 20, T.89 N., R.21 W., Hardin Co., Iowa. 
Whatoffs borrow pit, Curtiss Farm, and Alden Quarry contain low-relief ridges 
(1-2 m) that are transverse to the glacier flow direction (Figure 2). These landforms 
have been discussed by Gwynne (1941; 1942; 1951), Foster (1969), Ruhe (1969), 
Kemmis et al. (1981), and Stewart et al. (1988). They have been termed "swell and 
swale," "minor moraine," and "corrugated ground moraine." The term "minor 
moraine" will be used in this paper. Various hypotheses have been proposed 
by previous authors to explain the origin of minor moraines; however, no single 
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5 
hypothesis can account for all their characteristics. In the areas studied here, the 
minor moraines are composed of basal till (Alden Member) overlain by thin 
slopewash sediment (Kemmis et al., 1981). The Alden Member was deposited by ice 
of the Des Moines Lobe (DML) in the late Wisconsin (about 14,000 B.P.). It is 
uniform in texture, relatively dense, and overconsolidated. The upper part of the unit 
(about 4 m) is oxidized and weathered, and shows well-developed fractures that have 
characteristic iron oxide coatings. The thickness of the Alden Member ranges from 
approximately 10-15 m in area of minor moraine. 
The ISU-5 is located on the flank of a drainage to the Des Moines River that 
lies west of the site. No minor moraines occur at this site, but they may have been 
present before drainage development. There is post-glacier slopewash sediment and 
supraglacial sediment overlying basal till here. 
6 
BACKGROUND 
Mechanics of Fractures 
Abundant research has indicated that fractures in till may be divided into two 
groups: shear fractures and tensile fractures (Chandler, 1973; Connell, 1984; Feeser, 
1988). 
For material to shear, it must undergo failure. Mohr-Coulomb theory is a 
suitable model to explain the failure behavior in till (Connell, 1984). Basal till will fail 
if the shear stress of the ice exceeds the shear strength of the till. Basal shear stress 
is limited by the yield strength of the ice (about 1 bar), and can be calculated from 
the equation: 
r = pgh sina (1) 
Where r is the basal shear stress 
p is the density of the ice 
g is the acceleration of gravity 
h is the thickness of the glacier 
a is the slope of the upper ice surface 
(Sugden and John, 1976) 
The shear strength of basal till is defined as: 
rs=c' + (CT-U) tan(0') (2) 
in which rs=shear strength of basal till 
c' = drained sediment cohesion 
7 
CT= normal stress on the shear plane 
u= pore water pressure 
u-u= effective normal stress 
0' = friction angle, on an effective stress basis 
(Spangler and Handy, 1982) 
According to equation 2, shear failure in till is more likely under conditions of high 
pore water pressure. As shown in figure 3, increase of pore pressure will cause Mohr 
circle to shift to the left. If the pore water pressure (P) is large enough, the circle will 
intersect the Mohr Envelope and shear failure will occur along planes having angles 
of 45°-0'/2 to the maximum principal stress (aa). For example, if is nearly 
horizontal, shear failure will take place along gently dipping planes (Figure 4a) (the 
passive state). In contrast, when ox is nearly vertical (the active state), the failure 
planes will dip steeply (Figure 4b). Though lateral soil stress commonly is considered 
to be isotropic, some cases suggest that anisotropic lateral earth pressure may exist. 
Fractures formed by tension may be the result of secondary processes, such as 
chemical alteration, desiccation, syneresis, freeze/thaw, and lateral unloading, all of 
which decrease the soil volume. Tensile strength is represented on a Mohr diagram 
by the point at which the Mohr envelope crosses the an axis (Figure 3). Fractures 
formed by the above processes usually are found near an exposured surface. They 
show random orientation or are parallel to the free surface. 
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(a) (b) 
Figure 4. Illustration of the concept of Mohr’s failure (a) passive s 
(b) active state (after Lambe and Whitman, 1979) 
10 
Electrical Resistivity 
Direct current electrical resistivity has been used in groundwater studies to 
identify the directional connectivity of fractures (Leonard-Mayer, 1984; Taylor and 
Fleming, 1988). Fracture connectivity is controlled by the orientation, length, and 
frequency of the individual fractures (LaPointe and Hudson, 1985). The method, 
called azimuthal resistivity, involves rotating a Wenner array about a fixed center 
point and measuring apparent resistivity as a function of the azimuth. Figure 5 shows 
the typical setup of Wenner array for resistivity measurements. The electrodes are 
uniformly spaced at a distance "a." Current is applied at current electrode Q and 
follows a path through the ground to current electrode Q. The voltage drop is 
measured between two potential electrodes, Pj and P2. The results of a resistivity 
survey define an apparent resistivity ellipse, the shape and orientation of which 
depend on the properties of a subsurface fracture system. The theory of the 
technique is based on the assumption of a single set of fracture; however, field 
results show this method is effective in media with multiple fracture sets (Taylor and 
Fleming, 1988). 
The penetration depth of the azimuthal resistivity technique is determined by 
the electrode spacing. According to Roy and Apparao (1971), the maximum current 
distribution of the Wenner array is at a depth of about 0.11L (Figure 6), where L is 
the separation between the two outermost electrodes. In this case, L is equal to 3a. 
11 
-H>-' 
Figure 5. Typical setup of the Wenner array for resistivity measuremem 
12 
DEPTH > 
Figure 6. Depth of the maximum current distribution of the Wer 
(Roy and Apparao, 1971) 
13 
METHODS OF INVESTIGATION 
Fractures were examined at several sections along the exposure of Whatoffs 
borrow pit. The surface of each section was cleared by spade and trowel, then the 
orientation and character of fracture surfaces were recorded. Several holes were cut 
into the wall of the exposure to avoid the measuring bias by the exposure orientation. 
Fracture orientations were determined with a Brunton compass. Orientation data 
collected during the field measurements are summarized in pole diagrams, contoured 
pole-density diagrams, and rose diagrams. These diagrams are used to determine the 
relationship between ice-flow direction and fracture orientation. Measurements of till 
pebble fabric were also carried out at this site. 
The preferential orientation of fracture systems at all the study sites was 
determined by surface azimuthal DC resistivity surveys, using an ABEM Terrameter 
SAS 300C. At each site, a Wenner array with 5 to 12.5 m a-spacings was rotated at 
ten-degree intervals to measure the apparent resistivity. Forty-five separate azimuthal 
surveys were made during the summer and fall of 1990. Surveys with the same 
electrode spacing were repeated at the same spot at different times to see the effect 
of moisture content changes. Electrode spacings were varied at some locations to 
determine whether or not preferred orientation changes with depth. For each set of 
data, apparent resistivities were calculated and plotted in the method of Taylor and 
Fleming (1988). This method emphasizes the peaks of the apparent resistivities 
(Figure 7). These diagrams were superimposed on the rose diagrams of fracture 
orientations to facilitate comparison. 
15 
Cd 
I JS 
TD 
D J3 o 
-*—* 
D 
_ c/5 
o3 £,.2 
3 £ ? 
£|1 
CO -C o 
ekfM «M 
•2 S eao 173
 M .5 D D C r! {fl ?; 
•2 c/j cd 
£ 2 E 
° B e 
115 
S U V- 
cu « £ 
S .g J3 
E ° g 
O <0 so 
u '5 u 
5 g-s 
c 2 3 
.2 rC U no +-> S 
S s| 
fr| * 
2 * E 
«S ^ E 
D o 73 O c/5 w 
CT~ vo 
* Z2 vd i-H 
^ E « 73 ^ 
u O S 
~ * s W) n D 
C +3 *-< 
•fi-o 8* 0 u K 
o'H.i 
e c/5 O 
1 £.3 33 Cr Q 
2 > E 
a « B 
2 ^ C S £ G 
D 
>-> 
530 
UH 
o
v
er
 
10
 
ci
rc
le
s 
to
 
a 
m
ax
im
um
 
o
f 
18
 
o
hm
-m
 
(T
ay
lor
 
an
d 
Fl
em
in
g,
 
19
88
) 
16 
RESULTS AND DISCUSSION 
Fracture Measurements 
Results 
A total of 504 fractures and 53 pebble orientations were measured along the 
exposure of Whatoffs borrow pit. At this site, minor moraines trend N55°E and are 
perpendicular to the ice-flow direction, as shown by till fabric data (Stewart et al., 
1988). The face of the exposure is irregular, but strikes nearly parallel to the ice-flow 
direction. Four sampling sections were selected on the exposure. Sections A, B, and 
C are in oxidized till; section D is a fresh exposure in unoxidized till near the bottom 
of the pit (Figure 8). 
The dominant fractures at this site are undulating to planar and have near¬ 
horizontal dip. Based on observation only, the dips of the remaining fractures fall 
into three general groups: 20° to 35°, 50° to 65°, and near-vertical (Figure 9). 
These groups may not be statistically significant. Orientations for all but the near¬ 
horizontal fractures are plotted on contoured pole-density diagrams. Fractures with 
dips greater than 50° are also plotted on rose diagrams (Figure 8). Strikes of these 
fractures are varied, but are concentrated at 30° -45° from or nearly perpendicular to 
the ice-flow direction (Figure 10). The trend and plunge of the long axes of pebbles 
are also plotted on an equal-area stereonet (Figure 11). 
At section A, most near-vertical fractures are concentrated at 35 0 on both sides 
of the ice-flow direction. Fracture sets that dip near 30° or 60° which strike 
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Figure 9. Histogram of number of fractures versus dip for all but near- 
horizontal fractures 
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Angle from the ice-flow direction 
(degrees) 
Figure 10. Histogram of number of fractures versus angle from the inferred 
ice-flow direction for fractures with dip greater than 50° 
20 
N 
Figure 11. Lower-hemisphere, equal-area projection of the long axes of 
pebbles in the till of Whatoffs borrow pit 
21 
perpendicular to the ice-flow direction are also present at this section (Figure 8). 
Similar fracture patterns were also observed at section B (Figure 12). There, most of 
the fractures with dip about 30° are concentrated in the uppermost 2 m. Near¬ 
vertical fractures oriented perpendicular to the ice-flow direction also exist at this 
section with a large standard deviation from its mean orientation. The near¬ 
horizontal fractures are offset slightly by the near-vertical fractures. This suggests that 
the near-horizontal fractures are earlier. Minor thrusts propagated through sand 
lenses which dip up-glacier (Figure 13) also occur. At section C, six fracture sets 
were measured. Four of the fracture sets strike nearly perpendicular to the ice-flow 
direction with average dips of 28° or 65°, the others strike nearly parallel to the ice- 
flow direction with dips from 25° to 30°. In contrast to sections A and B, near¬ 
vertical fractures that are oriented about 60°-70° from the ice-flow direction were 
found less frequently in this section. The strikes of high-angle fractures (dip>50°) 
are similar to those measured by Hallberg (1990, verbal communciation) (Figure 124). 
At section D, vertical fractures have an average strike of N20°E and mean¬ 
spacing of about 3 cm. Fracture sets with strikes of N15°E, N75°W, or N80°E and 
dips about 60° are also present (Figure 8). Due to the low number of orientation 
measurements (n=57), these fracture sets do not separate well in contoured pole- 
density diagram (Figure 8). However, they do show different maxima in the rose 
diagram. Right after excavating, no oxidation was observed on the fracture surfaces 
at this section. That made it difficult to trace the fractures, and sampling bias may be 
present. Oxidation was seen two months later in a small zone along the fractures, 
22 
0 2.5m 
L_ 1 
Figure 12. Photograph showing fractures (solid lines) at section B of the 
Whatoff s borrow pit 
23 
Figure 13. Photograph showing a sand lens (dotted pattern) sheared by thrust 
and fractures (solid lines) 
24 
25 
suggesting that the coating on the fractures may be different from the remaining 
matrix. 
Near-horizontal fractures (0-18° dip) at sections A, B, and C have an undulating 
surface. Near-horizontal fractures at section D have a smooth surface. Mean spacing 
of near-horizontal fractures is 2-5 cm at sections A-C and increases to about 7 cm at 
section D. Many fractures are up to 2 m in length. Near-vertical fractures are 
typically planar with a mean spacing of 2-7 cm in the oxidized zone. They do not 
decrease in abundance with depth. The lengths of these fractures range from 1-4 m. 
Fractures with dips near 30° or 60° commonly have spacings from 3 to 10 cm and 
lengths from 1 to 2 m in this zone. All the fractures observed in the oxidized zone 
are coated with iron oxides, clay skins, or organic materials, and show no evidence of 
shearing (slickensides). 
Discussion 
Recent papers by Ruland et al. (1991) and McKay and Fredericia (1989) suggest 
that vertical fractures are randomly oriented. In contrast, fractures examined at this 
site show a systematic orientation. Some orientations appear related to the inferred 
direction of ice flow. This implies a glacial origin for the fractures. There is no 
indication that bedrock influenced the origin of the fractures. The dominant fractures 
in bedrock in Iowa trend NW-SE and NE-SW and are vertical. In this study, fracture 
orientations were measured at Alden quarry and the LeGrand quarry in Mississippian 
limestone. That differs from the E-W and NNE-SSW strikes of near-vertical fractures 
in till at Whatoffs borrow pit. 
26 
Feeser (1988) argued that most fractures in till are formed in front of the ice 
margin just before overriding by the glacier. Connell (1984) proposed that the 
fractures occur not far behind the glacier margin as till is deposited. Till of the Alden 
Member in this area appears to have been deposited subglacially and probably by 
lodgement by a single advance to the Bemis moraine to the south (Kemmis, 1981; 
Stewart et al., 1988). Hence, a strict application of Feeser’s model suggests that 
fractures should exist in the Pre-Illinoian till instead of in the late-Wisconsin till 
(Alden Member) at this site. There is no evidence for this. 
In the study area, the strong alignment of pebble long axes parallel to the ice- 
flow direction, shear-truncated sand lenses, closely spaced near-horizontal and near- 
vertical fractures, and small spatial variation in grain size imply that lodgement was 
probably the dominant process of glacier deposition (Boulton, 1976; Bettis et al., 
1985). Sugden and John (1976) also proposed that lodgement is more likely beneath 
a warm-based glacier. Lodgement till is built up by a process of accretion as till is 
gradually released onto the glacier bed. During the lodgement process, basal shearing 
may affect particles several meters below the surface of an accumulating till sheet 
(MacClintock and Dreimanis, 1964; Sugden and John, 1976), resulting in closely 
spaced near-horizontal and high-angle fractures. 
Mathews (1974) proposed that the basal shear stress of the Des Moines Lobe 
ranged from about 0.07 to 0.22 bars. This is too small to result in shear failure in till. 
However, high pore pressure of basal water, that may exist either as a film at the 
base of the ice to facilitate the glacier flow or within the pores of till to cause shear 
27 
failure extending farther beneath the glacier, could have been present beneath the 
Des Moines Lobe. Pore water pressure is high under warm-based glaciers and can be 
built up by geothermal heat, pressure melting, frictional heat, and precipitation. The 
warm-based nature of the Des Moines Lobe is supported by the over-consolidated 
character of the Alden Member (Kemmis et al., 1981; Wang, 1990) and climatic 
information. 
The dynamics of glacier flow may affect the deformation of till beneath the ice. 
Compressive and extending flow are two main types of glacier flow (Nye, 1952). 
Compressive flow may occur where the glacier bed is concave or when the glacier is 
slowing down. On the other hand, extending flow occurs where the ice speeds up, or 
where the bedrock slope beneath the glacier is convex. Extending flow leads to an 
acceleration in glacier flow (Sugden and John, 1976). Stewart et al. (1988) concluded 
that ice of the Des Moines Lobe advanced rapidly to its maximum extent under 
extending flow, but transverse till fabrics suggest that compressive flow, caused by 
local relief may have existed. Kemmis et al. (1981) also proposed that minor 
moraines were formed in a region that was flat, but locally dipped up-glacier. Both 
authors suggested that extending and compressive flow regimes existed in this area 
during glaciation. At the end of late-Wisconsin glaciation, compressive flow probably 
existed when ice of the Des Moines Lobe reached its terminal position and slowed 
down. 
Although this has never been widely documented, Nye (1952) suggested that in 
glacier ice, planes of maximum shear stress are typically parallel and perpendicular 
28 
to the ice surface near the glacier base. A similarly oriented stress field might exist 
in the underlying till to form the near-horizontal and near-vertical fractures. The 
process of lodgement implies that fractures should be distributed evenly throughout 
the till instead of existing only in the uppermost several meters. Near-vertical 
fractures observed in this study are uniformly distributed with depth. However, near¬ 
horizontal fractures are more abundant in the oxidized till than the unoxidized till. 
This may be the result of later unloading and weathering. 
Figure 15 shows the inferred stress distribution during and after glaciation. Due 
to variation of principal orientation, different fracture patterns can be developed. As 
the glacier overrides the landscape, three different stress fields may be generated. 
Due to the weight of ice and basal shearing, under extending flow, aj will trend 
parallel to the ice-flow direction but plunge down-glacier in the lodgement till beneath 
the ice (Figure 15a). Both near-horizontal and near-vertical fractures can be 
generated in such a stress field. Under warm-based active glaciers, the pore-water 
pressure is high. The stress failure will be similar to that for the unconsolidated 
undrained condition (Figure 16); therefore, the total-stress failure envelope is 
assumed to be a horizontal line, and 0=0. According to Mohr-Coulomb theory, both 
fracture sets should align about 45 0 from maximum principal stress and strike 
perpendicular to it. At section D (Figure 8), strikes of vertical fractures concentrate 
at N20°E rather than perpendicular to the ice-flow direction. Near-vertical fractures 
with strikes about 60°-90° from the ice-flow direction also exist at sections A-C. This 
is probably induced by anisotropic materials. Fractures formed by subglacial shearing 
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Figure 16. Shear diagram for the unconfined undrained test (Spangler and 
Handy, 1982) 
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may vary in orientation over a small distance due to changes of the ice-flow directions 
(Connell, 1984). 
A similar stress field may exist under compressive flow (Figure 15b) and near¬ 
horizontal and near-vertical fractures can be generated. Compressive flow favors 
shear planes that dip up-ice (Connell, 1984). Abundant near-horizontal fractures in 
the oxidized till that dip up-glacier may have been caused by compressive flow. 
Figure 15c shows the stress field when the glacier stagnated. At this stage, ax is 
vertical, a2 and cr3 are equal and horizontal. This stress distribution may be 
responsible for the conjugate fractures that dip near 60°. Due to the hydrostatic 
stress field in the horizontal, the strikes of these fractures could be varied. After 
glacier wastage, high lateral earth pressure may have been set up in the basal 
sediments. The maximum principal stress will be horizontal (parallel to the former 
ice flow) and cr3 will be vertical (Figure 15d). At this stage, passive earth failure will 
dominate and conjugate fractures with dips near 30° will be developed. Near¬ 
horizontal tensile fractures also can be formed in this situation. 
Abundant near-vertical fractures aligned about 30°-40° from the ice-flow 
direction were also found in this study. They cannot be formed by any of the above 
processes. Such fractures could be generated in three ways (Figure 17). Feeser 
(1988) suggested that this type of fracture can be formed during the initial advance of 
the glacier near the margin. Under this circumstance, aY is horizontal and parallel to 
the ice-flow direction; a2 and a3 are in the vertical and lateral directions respectively 
(Figure 17a). This type of fracture could have been formed later by the ice advance 
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to the Altamont moraine. The existence of a slope that locally dips up-glacier is 
another possible explanation for the genesis of these fractures. In this case, the 
maximum principal stress (aj is nearly horizontal (Figure 17b). Near-vertical 
fractures conjugate to the ice-flow direction can be generated in such a stress field. 
As stated above, shear failure will be similar to that for the unconsolidated undrained 
condition (Figure 16) under an active glacier, therefore these fractures should strike 
about 45 ° from the ice-flow direction. However, the actual angle between these 
fractures and the ice-flow direction is about 35°. These fractures were probably not 
derived from subglacial shearing. The lateral unloading after glaciation is the third 
possibility for the genesis of these fractures. The exposure of the Whatoff s borrow 
pit strikes approximately parallel to the ice-flow direction. After excavation, stress 
release resulting from lateral unloading may have occurred, thus creating a stress field 
for the genesis of the near-vertical fractures (Figure 17c). 
Azimuthal Resistivity 
Results 
WhatofPs Borrow Pit This pit is at the edge of the minor moraine belt and 
is dominated by basal till. The area is somewhat modified by stream dissection, and 
is locally mantled with eolian sand and swale-filling deposits. Seven azimuthal 
resistivity surveys were performed at the site. Figure 18 shows the results plotted to 
normal scale. Figure 19 shows the same results plotted by exaggerating the 
resistivity variations and superimposed on rose diagrams that represent the strikes 
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of fractures adjacent to resistivity sites. Most of the resistivity peaks are nearly 
parallel to the mean strikes of the fracture sets. The resistivity peaks fall into 
orientations that are nearly perpendicular to or oriented about 30° to 60° from the 
ice-flow direction. The resistivity results presented in figure 19a were measured on 
the present bottom of the pit. The major lobes of apparent resistivity are coincident 
with the mean strikes of fracture sets that were measured by Hallberg (verbal 
communication, 1990) in the same area. 
The rest of the surveys were carried out on a farm field that is located on the 
eastern side of the exposure. Figure 19b shows the results of two surveys performed 
near fracture sampling section C (Figure 8), at the same spot with the same a- 
spacing, but three months apart. The results indicate a change in the magnitude of 
the apparent resistivity between the two surveys, but both show the same preferred 
orientation. The major lobes of both surveys coincide with fracture sets that strike 
60° -90° from the ice-flow direction with dips greater than 50°. The resistivity data 
presented in figure 19c were obtained near fracture sampling section B (Figure 8). 
Major peaks of apparent resistivity trend about 40° and 85° from the ice-flow 
direction and are parallel to the mean strike of fractures. Figures 19d and 19e 
present the results of three resistivity surveys that were performed 80 m away from 
the exposure using the same center point but different a-spacings. A different 
resistivity ellipse was obtained in each case. The resistivity data are compared to the 
fracture data from sampling sections A-C combined (Figure 8). Most of the major 
lobes are closely aligned with maxima of fracture orientations. However, in figure 
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19d, one of the major lobes does not correspond to a fracture maximum and instead 
lies between the two major fracture sets. 
ISU-5 site Units investigated at lower levels (about 1.5 m below the ground 
surface) of this site were over-consolidated till of the Alden Member, dense and 
uniform in texture. Above this, the sediment is much more variable. At this site, the 
Alden Member averages 40% sand, 40% silt, and 20% clay in the less-than-2 mm 
fraction. The overall slope of the site is about 2.5% from northeast to southwest. 
Fifteen azimuthal resistivity surveys were conducted at this field (Figure 20). Based 
on the orientation of the minor moraine which is 1 mile away (Figure 2), ice-flow 
direction at this site was to S40°E. Resistivity peaks strike nearly parallel or 
perpendicular to the inferred ice-flow direction, or at 30° to 60° from it. Surveys 6-8, 
9-11, and 12-14 (Figure 20) were performed using the same center point but different 
a-spacings respectively. The results of these surveys show a similar change of 
preferred orientation with depth as seen at Whatoffs borrow pit (Figures 20d and 
20e). Fractures oriented N40°-50°E and N40°W were noted by Simpkins (verbal 
communication, 1991) in a 3-meter-diameter, 4-meter-deep borehole, near the 
location of surveys 12-14. The strikes of these fractures are coincident with major 
and minor lobes of survey 12 (a-spacing= 5 m). At this field, tile lines are spaced 120 
ft apart at 4 ft depth and strike N60°E. Survey 15 was performed right on a tile line. 
The result shows a sharp peak at N25°E that is 35° from the strike of tile line. This 
implies that tile line might not affect the resistivity measurements with a penetration 
depth greater than 4 ft. 
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Curtiss Farm This site contains low-relief ridges of minor moraines. As 
observed in a test trench, the dominant sediment is basal till. Near-horizontal and 
near-vertical fractures similar to those observed at Whatoffs borrow pit were also 
found here. Thirty-five fractures were measured in the trench and two azimuthal 
resistivity surveys were performed using the same center point and a-spacing but at 
different times. As inferred from the minor moraines on aerial photographs, the ice 
flow here was toward S25°E. The results of both surveys differ in magnitude of 
apparent resistivity (Figure 21). However, in both cases, the major resistivity peak is 
parallel to the ice-flow direction. The minor peak in each survey is oriented at 
N85°E, between the mean strike of the observed fracture sets. 
Alden Quarry This is a limestone quarry. Resistivity surveys were 
performed on the eastern side of the quarry in an area of moderate-relief minor 
moraine. It is comprised of about 12 m of till of the Alden Member that overlies a 
thin Wisconsin loess (1.5 m). The loess in turn overlies a well-developed paleosol 
that rests on Pre-Illinoian till. Three resistivity surveys were performed with the same 
center point and different a-spacing. The last glacial movement was from N85°W to 
S85°E in this area. The results (figure 22) show a change of preferred orientation 
with depth like that seen at the other sites. The resistivity peaks are oriented at 40°, 
50°, and 90° from the ice-flow direction. Because of steep slopes, it was difficult to 
work on the adjacent exposure; however, several fractures with strikes NS, N45°W, 
and N55°E were measured. 
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Discussion 
The clay content of till will enhance conductivity of pore fluid and obscure the 
difference of resistivity between the matrix and fractures. In central Iowa, basal till 
contains at most 20% clay that might decrease the anisotropy of azimuthal resistivity. 
By plotting the apparent resistivity to normal scale, most of results show a circular 
shape (Figure 18). This makes it difficult to discern the major and minor lobes of 
resistivity surveys. However, when the resistivity variations are exaggerated, most of 
resistivity peaks coincide with fracture measurements at the Whatoffs borrow pit. 
This demonstrates the potential for using this method as a substitute for fracture 
orientation measurements in this region. 
The connectivity of a fracture system is a major factor in determining the 
preferred orientation of fractures. The dominant fracture set, as implied by the 
apparent resistivity ellipse, represents the direction of greatest connectivity (Taylor et 
al., 1988). Therefore, the electrical current of the resistivity survey will flow along the 
path of least resistance through the fractured till. This path is not necessarily 
associated with just one fracture system. The ellipse shape of figure 19b indicates 
that the maximum apparent resistivity is associated with fracture systems that strikes 
at 60° to 90° from the ice-flow direction with dips >50°. Alternatively, in Figures 
19d and 21 major lobes appear to bisect the strikes of observed fracture sets or lie 
somewhere between them. In theory, the wider peak of apparent resistivity is 
associated with the fracture set that has a higher standard deviation from its mean 
strike (Taylor and Fleming, 1989). In contrast, a narrow peak corresponds to a lower 
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variation of fracture orientation. In figure 19a, both apparent resistivity peaks have 
similar magnitude and correspond to preferred fracture orientations. However, the 
fracture rosette indicates that the north-trending fracture set has lower abundance. 
That might be caused by undersampling of fracture orientations due to exposure bias, 
or the difference of connectivity and continuity between both fracture sets. 
The results of this study also suggest that the directions of the resistivity peaks 
may change with depth and with location (e.g., Whatoffs Borrow Pit). Changes in 
the stress field at a different stage of glaciation in till (Figure 15) are a possible 
explanation for this. 
Changing moisture condition in the unsaturated zone is a possible explanation 
for the variation in magnitude of apparent resistivity. The two resistivity surveys 
shown in figure 21 were performed in August and November, 1990, respectively. The 
results of both surveys differ in magnitude of apparent resistivity. Figure 19b also 
shows a similar variation in magnitude of apparent resistivity between two surveys 
carried out in July and November, 1990. 
In this study, most of the resistivity peaks strike nearly parallel, perpendicular to, 
or 30° -60° from the ice-flow direction and are similar in orientation to fractures with 
dips greater than 50°. This suggests that azimuthal resistivity can be used in the Des 
Moines Lobe of central Iowa to determine fracture orientations and the direction of 
maximum permeability. Moreover, by using a different a-spacing at the same 
location, it is possible to delineate the 3-D geometry of preferred orientation of 
groundwater flow. 
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CONCLUSIONS 
Based on the field investigations, three conclusions are derived: 
1. Fractures at the Whatoff s Borrow Pit were caused by a combination of four 
processes: subglacial shearing, stress release due to deglaciation, recent lateral 
unloading, and weathering processes. Near-horizontal fractures and near-vertical 
fractures with strikes 60°-90° from the ice-flow direction may have developed when 
the basal debris was deformed and subsequently deposited as till or after the till was 
deposited. Conjugate fractures with dip near 60° were formed by compaction of till 
under a stagnant ice mass. Conjugate fractures with dip near 30° were generated by 
passive earth pressure after the Des Moines Lobe had retreated. Near-vertical 
fractures aligned about 30°-40° from the ice-flow direction were probably caused by 
recent lateral unloading of the exposure or subglacial shearing under a compressive 
flow regime. Fractures in the oxidized till were modified by weathering processes. 
2. Based on limited data, the near-vertical fractures at Whatoff s borrow pit do 
not decrease in abundance with depth. Near-horizontal fractures increase in number 
near the ground surface. Both types of fractures may have been formed by the 
lodgement process but modified by later unloading and weathering processes. 
Conjugate fractures with dip near 30° are generally confined to the uppermost 3 m. 
3. Azimuthal resistivity measurements in the till did not conclusively show major 
fracture orientation. However, by exaggerating the resistivity value of the till, most of 
the resistivity peaks are similar in orientation to the fractures with dips >50° and 
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strike nearly parallel, perpendicular to, or 30°-60° from the ice-flow direction. This 
suggests that azimuthal resistivity can be used to determine the orientation of high 
angle fractures in an area of no exposure and to infer the direction of maximum 
permeability. 
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APPENDIX A 
Strike and Dip of Fracture Orientation 
Strike and dip of fractures at sampling section A of Whatoffs borrow pit 
N70W 80N N80W 75N N78W 75N 
N80W 75N N75W 80N N78W 75N 
N80W 75N N75W 75N N65W 80N 
N78W 72N N78W 75N N80W 70N 
N78W 80N N15E 85W N10W90 
NS 90 N15E90 N5E 85W 
N5E 85W N15E90 N20E90 
NSW 90 NS 90 N70E90 
N40E90 N60E90 N35E90 
N10W 50E N15W 48E N12W 45E 
N80W 40S N76W 35S N75W 35S 
N82W 72S N40E 18NW N45E 25NW 
N30E 40W N35E 35NW N40E 30NW 
N60E 30N N65E 35N N70E 35N 
N40E 55NW N35E 60NW N45E 65NW 
N65E 55N N70E 50N N75E 50N 
N55E 65NW N60E 65N N40E 18SE 
N60E 35S N65E 25S N65E 20S 
N45E 55SE N40E 60SE N40E 75SE 
N65E 60S N70E 65S N65E 50S 
N60W 80N N75W 80N N70W90 
N80W 78N N60W 80N N65W 80N 
N55W 85NE N78W 80N N80W 75N 
N80W 78N N82W 75N N75W 80N 
N20E90 N15W 80W NSW 85W 
N10E90 NS 90 N15W 85W 
NS 90 N10W90 N20W90 
N80E90 N75E 80S N55E90 
N15W 45E N12W 48E N20W 48E 
N25W 65E N20W 35E N80W 60S 
N88W 35S N60W 80S N80W 70S 
N65E 35N N70E 30N N68E 35N 
N55E 25NW N50E 20NW N55E 25NW 
N60E 30N N55E 30NW N55E 35NW 
N50E 70NW N55E 65NW N60E 60N 
N70E 55N N65E 60N N60E60N 
N50E 25SE N55E 35SE N55E 30SE 
N60E 25S N55E 35S N50E 30S 
N45E 70SE N55E 65SE N60E 60S 
N60E 55S N55E SOS N60E 60S 
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Strike and dip of fractures at sampling section B of Whatoffs borrow pit 
N70W 85S 
N65W90 
N62W90 
N63W90 
N80W90 
N15E 80W 
N5E90 
N5E 80W 
N85E90 
EW 90 
N40E90 
N50E 40NW 
N45E 35NW 
N50E 18NW 
N55E 40SE 
N40E 25SE 
N40E 25SE 
N50E 55NW 
N45E 55NW 
N60E 72N 
N65E 65S 
N45E 70SE 
N80W 80N 
N65W90 
N65W90 
N60W90 
N72W90 
N20E90 
N10E90 
NS85W 
N80E 80N 
N55E 80N 
N32E90 
N50E 30NW 
N50E 40NW 
N50E 25NW 
N50E 45SE 
N45E 30SE 
N50E 30SE 
N67E 68N 
N50E 65NW 
N45E 60SE 
N50E 70SE 
N70E 65S 
N78W 80N 
N75W90 
N65W90 
N70W90 
N82W90 
N5E90 
NS85E 
NS85W 
N78E90 
N45E 72NW 
N32E90 
N50E 40NW 
N55E 30NW 
N55E 25NW 
N50E 28SE 
N50E 30SE 
N50E 40SE 
N50E 65NW 
N55E 70NW 
N55E 65SE 
N45E 70SE 
N40E 55SE 
EW 88N 
N70W90 
N70W90 
N70W90 
N70W90 
N20E90 
N5W90 
N20E 80E 
N75E90 
N60E90 
N55E90 
N50E 40NW 
N60E 35N 
N35E 28NW 
N55E 30SE 
N55E 22SE 
N55E 45SE 
N55E 75NW 
N65E 65NW 
N35E 55SE 
N55E 50SE 
N75W90 
N75W90 
N70W90 
N70W90 
N72W90 
NS 90 
NS 90 
N85E90 
N80E90 
N53E 80NW 
N55E 40NW 
N40E 22NW 
N65E 40N 
N50E 30NW 
N60E 30S 
N65E 20S 
N55E 60NW 
N53E 78NW 
N45E 60NW 
N45E 60SE 
N55E 55SE 
N65W 85S 
N62W90 
N65W90 
N62W90 
N75W90 
N10E90 
N25E 85W 
N80E90 
N80E 75S 
N50E 75NW 
N55E 25NW 
N35E 25NW 
N55E 25NW 
N50E 40NW 
N60E 18S 
N35E 18SE 
N30E 55NW 
N35E 50NW 
N55E 60NW 
N55E 65SE 
N60E 60S 
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Strike and dip of fractures at sampling section C of Whatoffs borrow pit 
N65E 70N 
N55E 65NW 
N50E 65NW 
N75E 35N 
N65E 38NW 
N52E 28SE 
N50E 32SE 
N48E 32SE 
N50E 62SE 
N75E 50S 
N30W 30SW 
N40W 18SW 
N5E90 
N85E 75N 
N80E 70S 
N40W 18NE 
N50W 28NE 
N25W 22E 
N65E 70N 
N50E 55NW 
N55E 60NW 
N60E 30N 
N70E 32N 
N50E 20SE 
N48E 30SE 
N55E 28SE 
N60E 65S 
N70E 60S 
N40W 25SW 
N35W 20SW 
N5W90 
N75E 85N 
EW72S 
N35W 16NE 
N40W 26NE 
N35W 25NE 
N62E 62N 
N60E 62N 
N70E 28N 
N70E 25N 
N70E 16N 
N52E 22SE 
N50E 28SE 
N50E 25SE 
N65E 70S 
N75E 65S 
N45W 20SW 
N40W 22SW 
N15E 80W 
N72E 75N 
EW75S 
N40W 25NE 
N30W 28NE 
N60E60N 
N55E 55NW 
N68E25N 
N60E 20N 
N46E 18SE 
N48E 22SE 
N46E 26SE 
N55E 60SE 
N55E 65SE 
N35W 38SW 
N50W 30SW 
N45W 25SW 
N85E 85N 
N85E 75N 
N25W 30E 
N55W 28NE 
N20W 30E 
N60E60N 
N65E 55N 
N70E 22N 
N50E 38NW 
N55E 32SE 
N40E 25SE 
N50E 32SE 
N65E 55S 
N75E 60S 
N25W 35W 
N52W 28SW 
N20W 30SW 
N85E 78N 
N80E 80N 
N20W 35E 
N52W 30NE 
N25W 28E 
N65E 70N 
N60E60N 
N72E 25N 
N55E 32NW 
N50E 25SE 
N45E 30SE 
N48E 32SE 
N70E 65S 
N72E 55S 
N20W 32W 
N55W 36SW 
N25W 35SW 
N75E 75N 
N80E 75S 
N45W 22NE 
N45W 35NE 
N30W 26NE 
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Strike and dip of fractures at sampling section D of WhatofPs borrow pit 
N15E 85E N20E90 N15E90 
N20E90 N15E90 N10E90 
N20E90 N10E 60W N5E60W 
N20E60W N15E 45E N5E 50E 
N20E 60E N65W 58N N65W 45N 
N55W 40N N60W 50N N65W 65S 
N55W 48SW N50W 50SW N60W 55S 
N80E 55S N80E 65S N85E 60S 
N80E 65N N80E60N EW65N 
N20E90 N20E90 N15E90 
N20E90 N20E90 N15E90 
N15E 60W N10E 55W N15E 60W 
N10E 55E N15E 60E N10E 65E 
N80W 45N N75W 60N N50W 48N 
N80W 60S N75W 50S N70W 55S 
N65W60S N80E60S N70E 60S 
N80E55S N80E 60S EW75N 
N75E 60N N80E 65N 
56 
APPENDIX B 
Contoured Pole-density Diagrams and Rose Diagrams 
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APPENDIX C 
Original Data of Azimuthal Resistivity Surveys 
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Whatoffs Borrow Pit 
Survey #1, 07/31/90 
a-spacing= 6 m 
Azimuth Apparent Resistivity 
N85E 30.6 ohm-meter 
N75E 30.0 ohm-meter 
N65E 29.3 ohm-meter 
N55E 29.6 ohm-meter 
N45E 29.3 ohm-meter 
N35E 29.4 ohm-meter 
N25E 29.7 ohm-meter 
N15E 29.9 ohm-meter 
N5E 30.1 ohm-meter 
N5W 30.1 ohm-meter 
N15W 30.3 ohm-meter 
N25W 30.2 ohm-meter 
N35W 30.5 ohm-meter 
N45W 30.3 ohm-meter 
N55W 29.9 ohm-meter 
N65W 30.3 ohm-meter 
N75W 30.0 ohm-meter 
N85W 30.4 ohm-meter 
Whatoffs Borrow Pit 
Survey #2, 07/31/90 
a-spacing= 10 m 
Azimuth Apparent Resistivity 
N85E 33.0 ohm-meter 
N75E 33.1 ohm-meter 
N65E 33.2 ohm-meter 
N55E 32.7 ohm-meter 
N45E 33.1 ohm-meter 
N35E 32.2 ohm-meter 
N25E 32.1 ohm-meter 
N15E 32.2 ohm-meter 
N5E 31.4 ohm-meter 
N5W 31.0 ohm-meter 
N15W 30.3 ohm-meter 
N25W 30.0 ohm-meter 
N35W 31.2 ohm-meter 
N45W 31.4 ohm-meter 
N55W 31.9 ohm-meter 
N65W 32.3 ohm-meter 
N75W 33.4 ohm-meter 
N85W 32.8 ohm-meter 
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Whatoffs Borrow Pit 
Survey #3, 08/02/90 
a-spacing= 10 m 
Azimuth Apparent Resistivity 
N85E 26.7 ohm-meter 
N75E 27.1 ohm-meter 
N65E 27.4 ohm-meter 
N55E 27.1 ohm-meter 
N45E 26.8 ohm-meter 
N35E 26.6 ohm-meter 
N25E 26.4 ohm-meter 
N15E 26.4 ohm-meter 
N5E 26.7 ohm-meter 
N5W 26.5 ohm-meter 
N15W 27.0 ohm-meter 
N25W 26.5 ohm-meter 
N35W 26.2 ohm-meter 
N45W 26.2 ohm-meter 
N55W 26.1 ohm-meter 
N65W 26.5 ohm-meter 
N75W 26.4 ohm-meter 
N85W 26.6 ohm-meter 
Whatoff s Borrow Pit 
Survey #4, 09/04/90 
a-spacing= 6 m 
Azimuth Apparent Resistivity 
N85E 24.2 ohm-meter 
N75E 23.8 ohm-meter 
N65E 23.3 ohm-meter 
N55E 23.0 ohm-meter 
N45E 23.0 ohm-meter 
N35E 23.6 ohm-meter 
N25E 23.6 ohm-meter 
N15E 23.9 ohm-meter 
N5E 24.2 ohm-meter 
N5W 24.1 ohm-meter 
N15W 24.2 ohm-meter 
N25W 24.2 ohm-meter 
N35W 23.8 ohm-meter 
N45W 23.2 ohm-meter 
N55W 24.4 ohm-meter 
N65W 24.2 ohm-meter 
N75W 24.3 ohm-meter 
N85W 24.2 ohm-meter 
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Whatoffs Borrow Pit 
Survey #5, 10/03/90 
a-spacing= 5 m 
Azimuth Apparent Resistivity 
N85E 55.1 ohm-meter 
N75E 53.4 ohm-meter 
N65E 53.3 ohm-meter 
N55E 51.9 ohm-meter 
N45E 50.5 ohm-meter 
N35E 47.5 ohm-meter 
N25E 46.8 ohm-meter 
N15E 48.3 ohm-meter 
N5E 49.9 ohm-meter 
N5W 49.0 ohm-meter 
N15W 48.3 ohm-meter 
N25W 48.0 ohm-meter 
N35W 50.0 ohm-meter 
N45W 50.8 ohm-meter 
N55W 52.3 ohm-meter 
N65W 53.5 ohm-meter 
N75W 54.5 ohm-meter 
N85W 51.9 ohm-meter 
Whatoffs Borrow Pit 
Survey #6, 10/03/90 
a-spacing= 7.5 m 
Azimuth Apparent Resistivity 
N85E 34.2 ohm-meter 
N75E 34.0 ohm-meter 
N65E 33.8 ohm-meter 
N55E 34.0 ohm-meter 
N45E 34.3 ohm-meter 
N35E 34.7 ohm-meter 
N25E 35.5 ohm-meter 
N15E 37.4 ohm-meter 
N5E 38.3 ohm-meter 
N5W 37.5 ohm-meter 
N15W 37.7 ohm-meter 
N25W 35.9 ohm-meter 
N35W 35.5 ohm-meter 
N45W 34.3 ohm-meter 
N55W 35.1 ohm-meter 
N65W 35.3 ohm-meter 
N75W 34.7 ohm-meter 
N85W 33.7 ohm-meter 
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Whatoffs Borrow Pit 
Survey #7, 10/03/90 
a-spacing= 10 m 
Whatoffs Borrow Pit 
Survey #8, 11/22/90 
a-spacing= 10 m 
Azimuth Apparent Resistivity Azimuth Apparent Resistivity 
N85E 31.5 ohm-meter N85E 36.5 ohm-meter 
N75E 30.7 ohm-meter N75E 36.0 ohm-meter 
N65E 31.0 ohm-meter N65E 35.9 ohm-meter 
N55E 32.2 ohm-meter N55E 35.7 ohm-meter 
N45E 32.5 ohm-meter N45E 35.0 ohm-meter 
N35E 33.0 ohm-meter N35E 34.2 ohm-meter 
N25E 33.1 ohm-meter N25E 34.2 ohm-meter 
N15E 34.2 ohm-meter N15E 34.0 ohm-meter 
N5E 34.2 ohm-meter N5E 34.0 ohm-meter 
N5W 34.2 ohm-meter N5W 32.7 ohm-meter 
N15W 33.9 ohm-meter N15W 32.0 ohm-meter 
N25W 34.3 ohm-meter N25W 31.4 ohm-meter 
N35W 33.1 ohm-meter N35W 32.0 ohm-meter 
N45W 33.0 ohm-meter N45W 32.5 ohm-meter 
N55W 32.4 ohm-meter N55W 34.0 ohm-meter 
N65W 32.5 ohm-meter N65W 35.0 ohm-meter 
N75W 31.7 ohm-meter N75W 35.6 ohm-meter 
N85W 31.7 ohm-meter N85W 36.5 ohm-meter 
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Whatoff s Porrow Pit ISU-5 
Survey #9, 11/22/90 Survey #1, 07/11/90 
a-spacing= 6 m a-spacing= 5 m 
Azimuth Apparent Resistivity Azimuth Apparent Resistivity 
N85E 32.5 ohm-meter N85E 27.0 ohm-meter 
N75E 32.6 ohm-meter N75E 26.5 ohm-meter 
N65E 32.8 ohm-meter N65E 27.1 ohm-meter 
N55E 33.4 ohm-meter N55E 26.7 ohm-meter 
N45E 33.7 ohm-meter N45E 27.5 ohm-meter 
N35E 32.8 ohm-meter N35E 27.7 ohm-meter 
N25E 32.7 ohm-meter N25E 27.7 ohm-meter 
N15E 32.8 ohm-meter N15E 27.7 ohm-meter 
N5E 33.3 ohm-meter N5E 27.8 ohm-meter 
N5W 32.5 ohm-meter N5W 28.1 ohm-meter 
N15W 32.5 ohm-meter N15W 27.8 ohm-meter 
N25W 32.0 ohm-meter N25W 28.2 ohm-meter 
N35W 32.1 ohm-meter N35W 27.9 ohm-meter 
N45W 31.4 ohm-meter N45W 27.6 ohm-meter 
N55W 31.5 ohm-meter N55W 27.7 ohm-meter 
N65W 31.4 ohm-meter N65W 27.3 ohm-meter 
N75W 31.1 ohm-meter N75W 27.6 ohm-meter 
N85W 31.5 ohm-meter N85W 28.1 ohm-meter 
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ISU-5 ISU-5 
Survey #2, 07/11/90 Survey #3, 07/13/90 
a-spacing= 5 m a-spacing= 12.5 m 
Azimuth Apparent Resistivity Azimuth Apparent Resistivity 
N85E 27.3 ohm-meter N85E 10.5 ohm-meter 
N75E 27.0 ohm-meter N75E 10.4 ohm-meter 
N65E 27.0 ohm-meter N65E 10.5 ohm-meter 
N55E 27.0 ohm-meter N55E 10.5 ohm-meter 
N45E 27.3 ohm-meter N45E 10.5 ohm-meter 
N35E 27.4 ohm-meter N35E 10.5 ohm-meter 
N25E 27.5 ohm-meter N25E 10.7 ohm-meter 
N15E 27.8 ohm-meter N15E 10.8 ohm-meter 
N5E 27.5 ohm-meter N5E 10.7 ohm-meter 
N5W 27.8 ohm-meter N5W 10.8 ohm-meter 
N15W 27.8 ohm-meter N15W 10.7 ohm-meter 
N25W 27.8 ohm-meter N25W 10.8 ohm-meter 
N35W 27.8 ohm-meter N35W 10.8 ohm-meter 
N45W 27.7 ohm-meter N45W 10.6 ohm-meter 
N55W 27.8 ohm-meter N55W 10.6 ohm-meter 
N65W 27.6 ohm-meter N65W 10.6 ohm-meter 
N75W 27.9 ohm-meter N75W 10.5 ohm-meter 
N85W 27.8 ohm-meter N85W 10.4 ohm-meter 
69 
ISU-5 ISU-5 
Survey #4, 07/17/90 Survey #5, 07/30/90 
a-spacing= 10 m a-spacing= 8 m 
Azimuth Apparent Resistivity Azimuth Apparent Resistivity 
N85E 27.3 ohm-meter N85E 22.6 ohm-meter 
N75E 27.2 ohm-meter N75E 22.7 ohm-meter 
N65E 27.0 ohm-meter N65E 22.4 ohm-meter 
N55E 26.8 ohm-meter N55E 22.6 ohm-meter 
N45E 27.0 ohm-meter N45E 22.7 ohm-meter 
N35E 26.9 ohm-meter N35E 22.7 ohm-meter 
N25E 26.6 ohm-meter N25E 22.4 ohm-meter 
N15E 26.8 ohm-meter N15E 22.3 ohm-meter 
N5E 26.4 ohm-meter N5E 22.1 ohm-meter 
N5W 26.3 ohm-meter N5W 22.0 ohm-meter 
N15W 25.8 ohm-meter N15W 21.8 ohm-meter 
N25W 25.7 ohm-meter N25W 21.3 ohm-meter 
N35W 26.4 ohm-meter N35W 21.3 ohm-meter 
N45W 26.6 ohm-meter N45W 21.2 ohm-meter 
N55W . 26.9 ohm-meter N55W 21.4 ohm-meter 
N65W 27.2 ohm-meter N65W 22.0 ohm-meter 
N75W 27.3 ohm-meter N75W 22.4 ohm-meter 
N85W 27.4 ohm-meter N85W 22.8 ohm-meter 
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ISU-5 ISU-5 
Survey #6, 10/22/90 Survey #7, 10/22/90 
a-spacing= 5 m a-spacing= 7.5 m 
Azimuth Apparent Resistivity Azimuth Apparent Resistivity 
N85E 29.8 ohm-meter N85E 28.9 ohm-meter 
N75E 29.2 ohm-meter N75E 28.3 ohm-meter 
N65E 28.1 ohm-meter N65E 27.6 ohm-meter 
N55E 28.4 ohm-meter N55E 27.2 ohm-meter 
N45E 27.9 ohm-meter N45E 27.2 ohm-meter 
N35E 28.1 ohm-meter N35E 28.1 ohm-meter 
N25E 27.8 ohm-meter N25E 28.0 ohm-meter 
N15E 28.0 ohm-meter N15E 27.9 ohm-meter 
N5E 28.2 ohm-meter N5E 28.3 ohm-meter 
N5W 27.9 ohm-meter N5W 28.2 ohm-meter 
N15W 27.8 ohm-meter N15W 27.9 ohm-meter 
N25W 27.7 ohm-meter N25W 28.1 ohm-meter 
N35W 27.9 ohm-meter N35W 28.2 ohm-meter 
N45W 28.2 ohm-meter N45W 29.0 ohm-meter 
N55W 28.7 ohm-meter N55W 28.6 ohm-meter 
N65W 28.7 ohm-meter N65W 28.8 ohm-meter 
N75W 28.4 ohm-meter N75W 28.8 ohm-meter 
N85W 29.2 ohm-meter N85W 29.0 ohm-meter 
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ISU-5 ISU-5 
Survey #8, 10/22/90 Survey #9, 10/26/90 
a-spacing= 10 m a-spacing= 5 m 
Azimuth Apparent Resistivity Azimuth Apparent Resistivity 
N85E 30.2 ohm-meter N85E 27.8 ohm-meter 
N75E 29.6 ohm-meter N75E 27.6 ohm-meter 
N65E 29.4 ohm-meter N65E 27.6 ohm-meter 
N55E 29.2 ohm-meter N55E 27.7 ohm-meter 
N45E 29.1 ohm-meter N45E 27.8 ohm-meter 
N35E 28.8 ohm-meter N35E 27.4 ohm-meter 
N25E 28.7 ohm-meter N25E 27.3 ohm-meter 
N15E 29.1 ohm-meter N15E 27.4 ohm-meter 
N5E 29.2 ohm-meter N5E 27.4 ohm-meter 
N5W 28.9 ohm-meter N5W 27.0 ohm-meter 
N15W 28.7 ohm-meter N15W 27.0 ohm-meter 
N25W 28.1 ohm-meter N25W 26.8 ohm-meter 
N35W 28.1 ohm-meter N35W 27.6 ohm-meter 
N45W 28.5 ohm-meter N45W 26.7 ohm-meter 
N55W 28.6 ohm-meter N55W 26.9 ohm-meter 
N65W 28.8 ohm-meter N65W 26.5 ohm-meter 
N75W 29.2 ohm-meter N75W 27.4 ohm-meter 
N85W 29.7 ohm-meter N85W 27.0 ohm-meter 
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ISU-5 
Survey #10, 10/26/90 
a-spacing= 7.5 m 
Azimuth Apparent Resistivity 
ISU-5 
Survey #11, 10/26/90 
a-spacing= 10 m 
Azimuth Apparent Resistivity 
N85E 28.4 ohm-meter N85E 28.4 ohm-meter 
N75E 28.2 ohm-meter N75E 28.5 ohm-meter 
N65E 28.1 ohm-meter N65E 27.7 ohm-meter 
N55E 27.8 ohm-meter N55E 27.3 ohm-meter 
N45E 27.4 ohm-meter N45E 27.5 ohm-meter 
N35E 27.3 ohm-meter N35E 27.6 ohm-meter 
N25E 26.8 ohm-meter N25E 27.4 ohm-meter 
N15E 27.0 ohm-meter N15E 27.6 ohm-meter 
N5E 27.0 ohm-meter N5E 27.4 ohm-meter 
N5W 26.8 ohm-meter N5W 27.2 ohm-meter 
N15W 27.4 ohm-meter N15W 27.4 ohm-meter 
N25W 28.0 ohm-meter N25W 27.9 ohm-meter 
N35W 28.3 ohm-meter N35W 28.4 ohm-meter 
N45W 28.2 ohm-meter N45W 28.8 ohm-meter 
N55W 28.5 ohm-meter N55W 28.3 ohm-meter 
N65W 28.9 ohm-meter N65W 28.8 ohm-meter 
N75W 28.7 ohm-meter N75W 28.8 ohm-meter 
N85W 27.9 ohm-meter N85W 28.8 ohm-meter 
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ISU-5 
Survey #12, 10/29/90 
a-spacing= 5 m 
Azimuth Apparent Resistivity 
N85E 30.7 ohm-meter 
N75E 31.1 ohm-meter 
N65E 31.5 ohm-meter 
N55E 31.4 ohm-meter 
N45E 32.0 ohm-meter 
N35E 31.2 ohm-meter 
N25E 30.7 ohm-meter 
N15E 29.8 ohm-meter 
N5E 29.9 ohm-meter 
N5W 29.4 ohm-meter 
N15W 30.4 ohm-meter 
N25W 30.3 ohm-meter 
N35W 30.4 ohm-meter 
N45W 30.2 ohm-meter 
N55W 30.1 ohm-meter 
N65W 29.4 ohm-meter 
N75W 30.2 ohm-meter 
N85W 30.6 ohm-meter 
ISU-5 
Survey #13, 10/29/90 
a-spacing= 7.5 m 
Azimuth Apparent Resistivity 
N85E 30.0 ohm-meter 
N75E 29.9 ohm-meter 
N65E 29.5 ohm-meter 
N55E 29.7 ohm-meter 
N45E 28.8 ohm-meter 
N35E 29.3 ohm-meter 
N25E 29.4 ohm-meter 
N15E 29.0 ohm-meter 
N5E 28.8 ohm-meter 
N5W 28.6 ohm-meter 
N15W 28.9 ohm-meter 
N25W 29.6 ohm-meter 
N35W 29.2 ohm-meter 
N45W 29.2 ohm-meter 
N55W 29.1 ohm-meter 
N65W 28.9 ohm-meter 
N75W 29.4 ohm-meter 
N85W 29.7 ohm-meter 
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ISU-5 
Survey #14, 10/29/90 
a-spacing= 10 m 
Azimuth Apparent Resistivity 
N85E 29.2 ohm-meter 
N75E 28.8 ohm-meter 
N65E 28.5 ohm-meter 
N55E 28.5 ohm-meter 
N45E 28.1 ohm-meter 
N35E 28.1 ohm-meter 
N25E 28.3 ohm-meter 
N15E 29.1 ohm-meter 
N5E 28.9 ohm-meter 
N5W 29.1 ohm-meter 
N15W 28.5 ohm-meter 
N25W 29.1 ohm-meter 
N35W 28.8 ohm-meter 
N45W 29.3 ohm-meter 
N55W 28.6 ohm-meter 
N65W 28.5 ohm-meter 
N75W 28.5 ohm-meter 
N85W 28.6 ohm-meter 
ISU-5 
Survey #15, 07/09/90 
a-spacing= 10 m 
Azimuth Apparent Resistivity 
N85E 28.5 ohm-meter 
N75E 28.3 ohm-meter 
N65E 28.2 ohm-meter 
N55E 27.9 ohm-meter 
N45E 27.6 ohm-meter 
N35E 28.7 ohm-meter 
N25E 29.2 ohm-meter 
N15E 28.1 ohm-meter 
N5E 27.9 ohm-meter 
N5W 28.7 ohm-meter 
N15W 28.5 ohm-meter 
N25W 28.2 ohm-meter 
N35W 28.7 ohm-meter 
N45W 28.2 ohm-meter 
N55W 28.3 ohm-meter 
N65W 28.3 ohm-meter 
N75W 28.7 ohm-meter 
N85W 28.4 ohm-meter 
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Curtiss Farm 
Survey #1, 08/29/90 
a-spacing= 6 m 
Azimuth Apparent Resistivity 
N85E 28.0 ohm-meter 
N75E 27.6 ohm-meter 
N65E 27.4 ohm-meter 
N55E 27.4 ohm-meter 
N45E 27.1 ohm-meter 
N35E 26.7 ohm-meter 
N25E 27.0 ohm-meter 
N15E 26.9 ohm-meter 
N5E 27.8 ohm-meter 
N5W 28.3 ohm-meter 
N15W 28.3 ohm-meter 
N25W 28.5 ohm-meter 
N35W 28.2 ohm-meter 
N45W 28.0 ohm-meter 
N55W 27.7 ohm-meter 
N65W 27.3 ohm-meter 
N75W 27.8 ohm-meter 
N85W 27.6 ohm-meter 
Curtiss Farm 
Survey #2, 11/21/90 
a-spacing= 6 m 
Azimuth Apparent Resistivity 
N85E 30.3 ohm-meter 
N75E 30.0 ohm-meter 
N65E 29.9 ohm-meter 
N55E 29.5 ohm-meter 
N45E 29.0 ohm-meter 
N35E 28.5 ohm-meter 
N25E 28.6 ohm-meter 
N15E 29.3 ohm-meter 
N5E 30.2 ohm-meter 
N5W 30.9 ohm-meter 
N15W 31.9 ohm-meter 
N25W 33.1 ohm-meter 
N35W 32.8 ohm-meter 
N45W 31.9 ohm-meter 
N55W 31.1 ohm-meter 
N65W 30.0 ohm-meter 
N75W 29.6 ohm-meter 
N85W 30.2 ohm-meter 
76 
Alden Quarry Alden Quarry 
Survey #1, 10/04/90 Survey #2, 10/04/90 
a-spacing= 5 m a-spacing= 7.5 m 
Azimuth Apparent Resistivity Azimuth Apparent Resistivity 
N85E 34.0 ohm-meter N85E 30.6 ohm-meter 
N75E 34.3 ohm-meter N75E 31.4 ohm-meter 
N65E 34.1 ohm-meter N65E 33.0 ohm-meter 
N55E 33.9 ohm-meter N55E 33.4 ohm-meter 
N45E 33.4 ohm-meter N45E 33.1 ohm-meter 
N35E 33.9 ohm-meter N35E 32.6 ohm-meter 
N25E 36.4 ohm-meter N25E 31.2 ohm-meter 
N15E 36.9 ohm-meter N15E 30.2 ohm-meter 
N5E 38.2 ohm-meter N5E 30.1 ohm-meter 
N5W 38.1 ohm-meter N5W 31.7 ohm-meter 
N15W 37.3 ohm-meter N15W 35.2 ohm-meter 
N25W 36.3 ohm-meter N25W 36.4 ohm-meter 
N35W 36.1 ohm-meter N35W 36.7 ohm-meter 
N45W 35.2 ohm-meter N45W 36.0 ohm-meter 
N55W 35.8 ohm-meter N55W 35.3 ohm-meter 
N65W 34.7 ohm-meter N65W 34.8 ohm-meter 
N75W 35.0 ohm-meter N75W 32.5 ohm-meter 
N85W 34.0 ohm-meter N85W 31.3 ohm-meter 
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Alden Quarry 
Survey #3, 10/04/90 
a-spacing= 10 m 
Azimuth Apparent Resistivity 
N85E 33.4 ohm-meter 
N75E 34.1 ohm-meter 
N65E 33.8 ohm-meter 
N55E 34.1 ohm-meter 
N45E 34.2 ohm-meter 
N35E 34.4 ohm-meter 
N25E 33.9 ohm-meter 
N15E 33.4 ohm-meter 
N5E 33.2 ohm-meter 
N5W 33.7 ohm-meter 
N15W 33.6 ohm-meter 
N25W 34.7 ohm-meter 
N35W 35.4 ohm-meter 
N45W 36.3 ohm-meter 
N55W 36.0 ohm-meter 
N65W 35.7 ohm-meter 
N75W 34.4 ohm-meter 
N85W 33.7 ohm-meter 
LeGrand Quarry 
Survey #1, 10/11/90 
a-spacing= 5 m 
Azimuth Apparent Resistivity 
N85E 17.6 ohm-meter 
N75E 17.9 ohm-meter 
N65E 18.0 ohm-meter 
N55E 18.0 ohm-meter 
N45E 18.0 ohm-meter 
N35E 18.0 ohm-meter 
N25E 18.0 ohm-meter 
N15E 17.5 ohm-meter 
N5E 17.8 ohm-meter 
N5W 17.9 ohm-meter 
N15W 17.8 ohm-meter 
N25W 17.7 ohm-meter 
N35W 17.6 ohm-meter 
N45W 18.0 ohm-meter 
N55W 18.0 ohm-meter 
N65W 18.2 ohm-meter 
N75W 18.3 ohm-meter 
N85W 17.9 ohm-meter 
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LeGrand Quarry 
Survey #2, 10/11/90 
a-spacing= 7.5 m 
LeGrand Quarry 
Survey #3, 10/11/90 
a-spacing= 10 m 
Azimuth Apparent Resistivity Azimuth Apparent Resistivity 
N85E 18.6 ohm-meter N85E 19.5 ohm-meter 
N75E 19.0 ohm-meter N75E 20.0 ohm-meter 
N65E 19.0 ohm-meter N65E 19.9 ohm-meter 
N55E 18.9 ohm-meter N55E 19.9 ohm-meter 
N45E 18.8 ohm-meter N45E 19.9 ohm-meter 
N35E 19.1 ohm-meter N35E 19.7 ohm-meter 
N25E 19.1 ohm-meter N25E 19.4 ohm-meter 
N15E 18.4 ohm-meter N15E 18.7 ohm-meter 
N5E 18.5 ohm-meter N5E 19.0 ohm-meter 
N5W 18.8 ohm-meter N5W 18.6 ohm-meter 
N15W 19.1 ohm-meter N15W 18.3 ohm-meter 
N25W 18.8 ohm-meter N25W 18.8 ohm-meter 
N35W 19.0 ohm-meter N35W 19.6 ohm-meter 
N45W 18.9 ohm-meter N45W 19.5 ohm-meter 
N55W 19.1 ohm-meter N55W 19.7 ohm-meter 
N65W 19.0 ohm-meter N65W 19.5 ohm-meter 
N75W 18.9 ohm-meter N75W 19.4 ohm-meter 
N85W 18.6 ohm-meter N85W 19.4 ohm-meter 
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Conklin Quarry Conklin Quarry 
Survey #1, 10/24/90 Survey #2, 10/24/90 
a-spacing= 5 m a-spacing= 7.5 m 
Azimuth Apparent Resistivity Azimuth Apparent Resistivity 
N85E 17.1 ohm-meter N85E 18.3 ohm-meter 
N75E 16.8 ohm-meter N75E 17.9 ohm-meter 
N65E 17.1 ohm-meter N65E 17.7 ohm-meter 
N55E 17.0 ohm-meter N55E 17.7 ohm-meter 
N45E 16.4 ohm-meter N45E 17.6 ohm-meter 
N35E 17.3 ohm-meter N35E 17.4 ohm-meter 
N25E 17.4 ohm-meter N25E 17.2 ohm-meter 
N15E 16.8 ohm-meter N15E 17.3 ohm-meter 
N5E 16.6 ohm-meter N5E 17.9 ohm-meter 
N5W 16.9 ohm-meter N5W 17.8 ohm-meter 
N15W 16.7 ohm-meter N15W 17.8 ohm-meter 
N25W 16.2 ohm-meter N25W 17.9 ohm-meter 
N35W 16.7 ohm-meter N35W 17.9 ohm-meter 
N45W 16.6 ohm-meter N45W 18.3 ohm-meter 
N55W 16.9 ohm-meter N55W 18.0 ohm-meter 
N65W 17.1 ohm-meter N65W 17.7 ohm-meter 
N75W 17.6 ohm-meter N75W 18.1 ohm-meter 
N85W 16.9 ohm-meter N85W 18.5 ohm-meter 
80 
Conklin Quarry 
Survey #3, 10/24/90 
a-spacing= 10 m 
Azimuth Apparent Resistivity 
N85E 18.9 ohm-meter 
N75E 18.9 ohm-meter 
N65E 19.0 ohm-meter 
N55E 19.1 ohm-meter 
N45E 19.0 ohm-meter 
N35E 19.0 ohm-meter 
N25E 18.9 ohm-meter 
N15E 18.8 ohm-meter 
N5E 19.0 ohm-meter 
N5W 19.0 ohm-meter 
N15W 19.2 ohm-meter 
N25W 19.0 ohm-meter 
N35W 19.4 ohm-meter 
N45W 19.6 ohm-meter 
N55W 19.5 ohm-meter 
N65W 19.5 ohm-meter 
N75W 19.4 ohm-meter 
N85W 19.3 ohm-meter 
Eastern Iowa Till Hydrology Site 
Survey #1, 07/18/90 
a-spacing= 7 m 
Azimuth Apparent Resistivity 
N85E 26.8 ohm-meter 
N75E 26.6 ohm-meter 
N65E 26.7 ohm-meter 
N55E 26.4 ohm-meter 
N45E 26.9 ohm-meter 
N35E 26.9 ohm-meter 
N25E 27.1 ohm-meter 
N15E 27.0 ohm-meter 
N5E 27.1 ohm-meter 
N5W 27.6 ohm-meter 
N15W 27.6 ohm-meter 
N25W 27.0 ohm-meter 
N35W 27.0 ohm-meter 
N45W 27.0 ohm-meter 
N55W 27.4 ohm-meter 
N65W 27.4 ohm-meter 
N75W 27.3 ohm-meter 
N85W 26.6 ohm-meter 
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Eastern Iowa Till Hydrology Site Eastern Iowa Till Hydrology Site 
Survey #2, 07/18/90 Survey #3, 11/01/90 
a-spacing= 7 m a-spacing= 5 m 
Azimuth Apparent Resistivity Azimuth Apparent Resistivity 
N85E 23.9 ohm-meter N85E 23.5 ohm-meter 
N75E 23.4 ohm-meter N75E 24.5 ohm-meter 
N65E 23.5 ohm-meter N65E 25.4 ohm-meter 
N55E 23.4 ohm-meter N55E 25.5 ohm-meter 
N45E 23.6 ohm-meter N45E 26.3 ohm-meter 
N35E 24.2 ohm-meter N35E 26.4 ohm-meter 
N25E 24.5 ohm-meter N25E 26.6 ohm-meter 
N15E 24.7 ohm-meter N15E 24.6 ohm-meter 
N5E 24.8 ohm-meter N5E 24.3 ohm-meter 
NSW 24.8 ohm-meter N5W 24.4 ohm-meter 
N15W 24.8 ohm-meter N15W 24.2 ohm-meter 
N25W 24.3 ohm-meter N25W 24.0 ohm-meter 
N35W 24.2 ohm-meter N35W 24.3 ohm-meter 
N45W 24.1 ohm-meter N45W 24.8 ohm-meter 
N55W 23.7 ohm-meter N55W 24.8 ohm-meter 
N65W 24.1 ohm-meter N65W 24.4 ohm-meter 
N75W 24.5 ohm-meter N75W 23.1 ohm-meter 
N85W 23.7 ohm-meter N85W 23.6 ohm-meter 
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Eastern Iowa Till Hydrology Site Eastern Iowa Till Hydrology Site 
Survey #4, 11/01/90 Survey #5, 11/01/90 
a-spacing= 7.5 m a-spacing= 10 m 
Azimuth Apparent Resistivity Azimuth Apparent Resistivity 
N85E 26.3 ohm-meter N85E 25.4 ohm-meter 
N75E 26.1 ohm-meter N75E 25.6 ohm-meter 
N65E 25.5 ohm-meter N65E 25.4 ohm-meter 
N55E 26.6 ohm-meter N55E 25.9 ohm-meter 
N45E 26.3 ohm-meter N45E 26.1 ohm-meter 
N35E 26.4 ohm-meter N35E 25.9 ohm-meter 
N25E 26.0 ohm-meter N25E 25.6 ohm-meter 
N15E 25.4 ohm-meter N15E 25.6 ohm-meter 
N5E 24.8 ohm-meter N5E 25.9 ohm-meter 
N5W 25.6 ohm-meter N5W 25.6 ohm-meter 
N15W 25.2 ohm-meter N15W 25.6 ohm-meter 
N25W 25.7 ohm-meter N25W 25.9 ohm-meter 
N35W 25.4 ohm-meter N35W 25.8 ohm-meter 
N45W 25.0 ohm-meter N45W 25.8 ohm-meter 
N55W 24.6 ohm-meter N55W 25.9 ohm-meter 
N65W 25.2 ohm-meter N65W 25.9 ohm-meter 
N75W 26.1 ohm-meter N75W 25.2 ohm-meter 
N85W 26.1 ohm-meter N85W 25.1 ohm-meter 
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